ABSTRACT: Increasing urban development in coastal areas is leading to reduction and fragmentation of natural habitats and a proliferation of artificial structures, such as seawalls. These new structures provide a novel habitat for several organisms, but recent studies have shown differences between the composition of populations in assemblages inhabiting them and those present on natural rocky shores. Preliminary observations also suggested that populations of limpets may differ in size and reproductive output between seawalls and natural rocky shores in Sydney Harbour (Australia).
INTRODUCTION
Urban areas currently house nearly half of the world's human population (Lim & Sodhi 2004) , and it is expected that this proportion will grow to 60% by the year 2030 (Pickett et al. 2001) . This trend means a continuous increase in the expansion of cities and towns and, therefore, a conversion of natural landscapes to human-modified urban landscapes (Collinge 1996) . Urbanisation removes and fragments natural habitats and results in a number of new structures being added to the environment (McDonnell & Pickett 1990 , Glasby & Connell 1999 . To date, most research on the effects of urbanisation in terrestrial habitats has been focused on habitat fragmentation and performance of species in remaining patches of natural habitat (Fahrig & Merriam 1994 , Dooley & Bowers 1998 , Krauss et al. 2003 .
The consequences of development of new structures that replace and fragment natural habitat have not, however, been widely explored. For some habitats, it is not known whether fragmentation by building something is more or less of an influence on sustainability of species than would be the case for other types of fragmentation. On the other hand, where there have been studies of artificial structures, they tend to note whether abundances of animals are similar to those in natural habitats (Dickman & Doncaster 1987 , Madejczyk et al. 1998 , Laakkonen et al. 2001 . When separated from demographic functionality, density may, however, lead to wrong conclusions about the value of artificial structures as alternative habitats, because they may just act as ecological sinks in which organisms fail to breed successfully (Smallwood 2001) . Consequently, survival of populations in these artificial habitats will depend on immigration from other sources (Watkinson & Sutherland 1995) . There is, therefore, an urgent need to assess the impact of artificial structures and their value as alternative habitats that can sustain viable populations.
Loss of habitat is especially widespread in coastal marine systems (Moberg & Rönnbäck 2003) and is the most critical threat to marine biodiversity (Gray 1997) . Declines and extinctions of species can, for example, be associated with the loss of habitat needed for the completion of critical parts of the life-cycle (McDowall 1992) . Growing urbanisation in coastal areas can lead to the reduction and fragmentation of natural habitats and a subsequent increase in artificial structures, like jetties, pilings, pontoons and seawalls (Glasby & Connell 1999 , Wolff 1999 , Davis et al. 2002 , Chapman & Bulleri 2003 , Bulleri & Chapman 2004 . These new structures are made of a variety of materials and differ from natural habitats in terms of composition, orientation, features of the surface and provision of microhabitats (Chapman & Bulleri 2003) .
Although it has been suggested that seawalls provide a novel habitat and might act as surrogates for rocky shores (Thompson et al. 2002) , recent studies have shown important differences between intertidal seawalls and natural rocky shores in terms of composition of biological assemblages and relative abundance of common species (Chapman 2003 , Chapman & Bulleri 2003 , Bulleri & Chapman 2004 ). In addition, little attention has been paid to the study of the ecological processes of intertidal assemblages on artificial structures (Bulleri et al. 2000 , Bulleri 2005 , and there have not been any studies on the viability of populations on seawalls.
Approximately 50% of the intertidal habitat in Sydney Harbour (New South Wales, Australia) consists of seawalls and similar artificial habitats (Chapman & Bulleri 2003) . Such extensive creation of artificial habitats allows tests of some potential consequences of fragmentation by unnatural surfaces. In particular, it provides a system for investigating whether maintenance of density of species in the artificial habitat is sufficient to sustain populations and ecological processes.
Grazing gastropods are among the most abundant mobile organisms on rocky shores in New South Wales (Underwood 1978 , Creese 1981 and play a major role in structuring intertidal assemblages (Underwood & Jernakoff 1981 , Hawkins & Hartnoll 1983 , Petraitis 1987 . Among them, the pulmonate limpet Siphonaria denticulata is one of the numerically dominant grazers on shores with moderate exposure to wave action (Creese & Underwood 1982) . This limpet lays benthic egg-ribbons, and their reproductive season extends from November to May (Creese 1980) . The limpet also lives on seawalls (Chapman 2003) , but preliminary observations suggested that, although there appeared to be large densities on seawalls, the sizes of limpets and lengths and numbers of egg-ribbons appeared to be smaller than on natural rocky shores. If seawalls are not providing suitable habitat to sustain breeding populations of these limpets, there are potentially serious consequences of replacing natural habitat with seawalls. We hypothesised that if seawalls were inadequate habitats for successful breeding by limpets, there would be less fecundity per capita on seawalls than in natural habitats.
We therefore examined reproductive output of Siphonaria denticulata on rocky shores and seawalls in Sydney Harbour. Sampling provided quantitative data on densities and sizes of limpets and number and lengths of egg-ribbons to test the hypothesis that reproductive output would be smaller on seawalls. From the results, experiments were designed to test the hypotheses that: (1) size of egg-ribbons in each habitat is related to different rates of survival (i.e. large egg-ribbons were not observed on seawalls because they persist there for less time than on rocky shores), (2) size of egg-ribbons depends on size of adults (i.e. long egg-ribbons are not observed on seawalls because large adult limpets are sparse or absent) and (3) intrinsic characteristics of seawalls alter the way eggs are laid (i.e. adults are not able to lay longer eggribbons on seawalls).
MATERIALS AND METHODS
Density and sizes of Siphonaria denticulata and egg-ribbons. Eight different shores were sampled in Sydney Harbour, 4 of them having vertical sandstone seawalls and 4 having natural horizontal rocky shores (Fig. 1) . Hereafter, seawalls and rocky shores are referred to as habitats and shores to as locations. Locations were selected because they had either a seawall or a rocky shore extensive enough for the proposed sampling (at least 40 m long). They had large populations of S. denticulata (>100 ind. m -2 ). Locations were separated by at least 100 m. Sampling was restricted to the upper midshore (0.9 to 1.1 m above Indian Low Water Springs), where egg-ribbons were more abundant and S. denticulata larger. The sampling design did not eliminate potential sources of confounding, for example due to differences in exposure and slope, but was a sensible scheme on the fragmented shoreline of Sydney Harbour (Chapman & Bulleri 2003) . All locations were, however, located inside Sydney Harbour and apparently experienced similar wave-wash due to intense maritime traffic. It is therefore unlikely that differences in exposure exist between the 2 studied habitats across all locations. In addition, because sea-walls are built vertically and are not even gently sloped, comparisons among seawalls of different slope were not possible. Patches of vertical rocky shores are present in Sydney Harbour, but these were not extensive enough for the proposed sampling design and were not incorporated in it. The objective of this paper was therefore a comparison of sizes and reproductive output of S. denticulata between natural horizontal rocky shores and the most common artificial habitat in which this limpet is found.
Each location was sampled between February and March 2005, during the peak in the spawning season (Creese 1980) . Although previous work suggested a relation between copulation/spawning and periods of full/new moon (Creese 1980 , Iwasaki 1995 , there was evidence that spawning may not be synchronised among different populations and larger animals may lay >1 egg-ribbon per 2 wk period (Creese 1980) . Consequently, sampling was done every week for 6 consecutive weeks to determine reproductive output.
Two different sites, 5 to 8 m long and separated by at least 10 m, were sampled per location at each time of sampling. Egg-ribbons and all Siphonaria denticulata were counted and measured in 5 random quadrats (25 cm alongshore and 20 cm upshore) at each site (Chapman & Bulleri 2003) . Quadrats within the same site were separated by at least 50 cm. Three size classes were sampled: juveniles (<10 mm), small adults (10 to 15 mm) and large adults (>15 mm; Creese 1980) . Manipulative experiments. Two different experiments were designed to test hypotheses about the observed patterns of length-frequency distributions of egg-ribbons on seawalls and rocky shores (Table 1) . 'Long' ribbons, defined as those longer than 30 mm, were not found on seawalls and 'small' ribbons (<15 mm) were found on seawalls and on rocky shores.
The first experiment tested the model that long eggribbons are absent from seawalls, because they do not survive or fragment on seawalls. To test this model, it was necessary to obtain egg-ribbons of both kinds and to allocate them to sites on seawalls and rocky shores, in order to compare how long they lasted in each habitat. To achieve this, adult animals (10 to 30 mm) were collected from the field a day after a full moon and caged on sandstone plates (15 × 15 × 1 cm), on which they laid egg-ribbons. In order to maximise the number of egg-ribbons obtained, this procedure was done on the shore and in an aquarium at the same time. After 4 d, plates with egg-ribbons were collected and randomly allocated to 4 sites at Bradley's Head, 2 on each side of a seawall that runs perpendicular to the shoreline (Sites 1 and 2; Fig. 1 ) and 2 on the rocky shore at each side of the seawall (Sites 3 and 4). Sites were < 20 m from each other. There was a mean of 3.18 egg ribbons (±1.54) per plate. Plates were attached by stainless screws inserted into rawl-plugs in the substrata. Previous observations have shown that eggribbons persisted on natural rocky shores between 8 and 10 d (Creese 1980 analysing software. There were no significant differences in longevity between egg masses of different origins at each site (χ 2 contingency tests, p > 0.05). Because large limpets are scarcely found on seawalls and egg-ribbons there are always small (< 20 mm), the second experiment tested the alternative models that lengths of egg-ribbons in each habitat are determined by: (1) the size of adult limpets on seawalls or rocky shores or (2) the intrinsic characteristics of habitat affecting spawning behaviour of the limpets in each habitat. The first model predicts that large adults transplanted from a rocky shore to a seawall will lay longer egg-ribbons on the seawall than do animals naturally found on seawalls. In addition, these ribbons will have a similar length-frequency distribution to those of limpets found on rocky shores. The second model predicts that transplanted large adults will lay shorter egg-ribbons than control limpets on rocky shores and of similar length to egg-ribbons laid by residents of seawalls.
This second experiment included 3 treatments. Large adults (15 to 25 mm long) originating from the upper midshore level of the rocky shore at Bradley's Head were transplanted to the same tidal level on a seawall 100s of metres away. Limpets were similarly translocated to a rocky shore close to that seawall to test for effects of relocating animals to an unfamiliar site with different conditions (Chapman 1986) . A third treatment included animals caged on the same rocky shore of origin, to compare length-frequency distributions of egg-ribbons with those of the other 2 treatments. A true 'undisturbed' treatment was not possible because animals needed to be picked up prior to being caged, in order to secure the same number of limpets in each replicate. Animals were randomly collected from a midshore area, distributed among the different treatments and confined to cages made of 5 mm plastic mesh with basal dimensions of 11 × 11 cm and 2 cm height. Ten cages, with 8 limpets in each, were allocated to each habitat. The experiment began as soon as limpets were caged at the 3 sites. Ideally, however, limpets transplanted to the seawall should have been kept in cages for at least several weeks prior to the beginning of the experiment. This would, for example, help to avoid potential confounding caused by a different previous history between limpets transplanted from rocky shores and those living on seawalls. This could not be achieved, because preliminary experiments showed that large limpets transplanted to seawalls suffer great mortality 3 to 4 wk after being transplanted (authors' unpubl. data). This limitation of the experiment has therefore been taken into account when interpreting the results of this work.
RESULTS

Density and sizes of Siphonaria denticulata and egg-ribbons
Seawalls and rocky shores at Sydney Harbour had similar numbers of Siphonaria denticulata at each sampling time (Table 2) . The proportions of different size classes differed between the 2 habitats (χ 2 = 1088, df = 2, p < 0.005). Populations on seawalls were mainly composed of juveniles (78%) and small adults (22%; Fig. 2 ). On rocky shores, large adults were found in a greater proportion (24%) than on seawalls (<1%).
Egg-ribbons were always more numerous on rocky shores than on seawalls (χ 2 = 390, df = 1, p < 0.005) and showed significant differences in mean number for 4 out of 6 sampling times (Table 3) . Mean length of eggribbons was greater on rocky shores than on seawalls (Table 4) , and the length-frequency distributions of ribbons were significantly different (KolmogorovSmirnov [KS] test, D max = 0.50, p < 0.01; Fig. 3 ). The main difference between the 2 habitats was in the absence of egg-ribbons longer than 20 mm on sea- 
Survival of egg-ribbons
In the first experiment, more egg-ribbons remained on the plates on the seawall than on the rocky shore after 8 d (Table 5 ). In general, long and short eggribbons disappeared significantly faster from rocky shores. Long egg-ribbons lasted more time than did smaller ones at Site 1 on the seawall; at the other 3 sites, there were no significant differences.
Size of adults and egg-ribbons
Daily observations showed that caged animals laid egg-ribbons at the 3 sites and in most of the cages. Unfortunately, many of the cages from the translocated treatment were found ripped off (most probably by vandals) after 8 d. Egg-ribbons presumably laid by caged animals were, however, found undamaged inside the spaces occupied by the cages; these were therefore measured. There were no significant differences in length-frequency distributions among eggribbons laid by limpets in the 3 different treatments (KS tests, p > 0.05). The experiment was run for 4 additional days, and egg-ribbons were measured in the other 2 intact treatments. Animals transplanted to the seawall laid longer egg-ribbons than those found on seawalls during the sampling survey (15 to 45 mm vs. 5 to 20 mm). Again, there were no significant differences in length-frequency distributions between egg-ribbons laid by limpets caged on the rocky shore and those laid by animals transplanted to the seawall (D max = 0.13, p > 0.05; Fig. 4 Size-class (mm) Mean number (SE) per quadrat 
DISCUSSION
The reproductive output of Siphonaria denticulata was significantly smaller on seawalls than on rocky shores at Sydney Harbour, in terms of numbers and sizes of egg masses, although each habitat can support similar densities of limpets. The experimental results suggested that these differences are related to the sizes of adults found in each habitat. Thus, egg-ribbons longer than 20 mm were not found on the 4 seawalls surveyed, but were frequent on rocky shores where large adults are common. Numbers of ribbons were always greater on rocky shores than on seawalls, but the difference between the 2 habitats was not significant for 2 out of the 6 sampling times, when densities of egg-ribbons were small. These dates were 3 d before and 11 d after a full moon, respectively. Previous observations have shown that spawning occurs around a full/new moon (Creese 1980) and that egg-ribbons stay on the shore for about 10 d. This could explain the small number of egg-ribbons in each habitat on those dates.
The first experiment showed that the persistence of egg ribbons was more affected by the local conditions at any given site (i.e. exposure to wave action, desiccation) than by the type of habitat. Ocaña & Emson (1999) found that the number of egg-ribbons of Siphonaria pectinata was smaller on exposed rocky sites than on sheltered ones. In our experiment, 'long' and 'short' egg-ribbons lasted comparatively less time on 1 rocky shore, with only long ones remaining until the end of Table 5 . Siphonaria denticulata. Percentage of egg-ribbons remaining on the plates from the first experiment after 8 d.
Comparison between habitats and sizes were done through Fisher's exact test of independence. ns: not significant, p > 0.05; *p < 0.05; **p < 0.01; SW: seawall; RS: rocky shore the experiment. At one of the seawall sites, long eggribbons persisted for a longer time than did smaller ones, whilst at the other site there was no significant difference. These experimental results do not support the model proposed, i.e. that long egg-ribbons are not observed on seawalls because they disappear faster than do short ones.
The second experiment provides support for the model in that differences in reproductive output are related to the maximal adult size observed in each habitat. Thus, when large adults were transplanted to the seawall, they laid longer egg-ribbons than did smaller limpets naturally living on the seawall during the sampling period. In addition, the length-frequency distribution of eggribbons was not significantly different from that of adult limpets in their habitat of origin. Because limpets transplanted to the seawall were not previously acclimated to this habitat due to experimental limitations (see 'Materials and methods') and large limpets are scarce on seawalls, it was not possible to determine whether large limpets hypothetically living on seawalls would have a similar reproductive output to animals of the same size living on natural rocky shores. Nevertheless, the combined results from sampling and experimental manipulations suggested a strong correlation between adult size and reproductive output of Siphonaria denticulata in terms of number and length of egg-ribbons.
In fact, reproductive output of Siphonaria denticulata and other siphonarians has been shown to increase with size and age (Creese 1980 , Quinn 1988b , Godoy & Moreno 1989 , as happens in other gastropods (Chaparro et al. 1999 , Muthiah & Sampath 2000 , Valentinsson 2002 ). For S. denticulata, Creese (1980) showed that large adults on rocky shores laid longer egg-ribbons and had greater fecundity than did smaller animals. Consequently, the observed differences in adult size between habitats may account for the results obtained here. Creese (1980) found, however, some differences in number and mean length of egg-ribbons among populations of S. denticulata from different rocky shores. Quinn (1988a,b) showed that populations of S. diemenensis on the same shore and under different environmental conditions (i.e. microhabitat features, availability of food) showed differences in maximal sizes attained, growth rates and reproductive outputs. In our study, reproductive output was always greater on rocky shores than on seawalls. Therefore, one or more factors may be acting differently on populations of S. denticulata in each habitat, resulting in different adult sizes and, consequently, in different reproductive output (Fig. 5) . For example, potential differences in dynamics and availability of algae between the 2 habitats could have a strong effect on growth rate and survival and could reduce the resources to be allocated to reproductive effort for populations on seawalls (Quinn 1988b , Pal & Hodgson 2004 . Additionally, a shortage of food on seawalls may affect intensity and relative importance of competitive interactions among different grazers. Intra-and interspecific competition for food has been shown to affect body weight, survival and growth rate in siphonarians (Creese & Underwood 1982 , Ortega 1985 , Lasiak & White 1993 . Differences in population structure of Siphonaria denticulata between natural rocky shores and seawalls translate, therefore, into quantitative differences in terms of reproductive output. These differences highlight important implications in the self-maintenance of intertidal organisms inhabiting seawalls. Persistence of local populations of organisms with larval dispersal depends on recolonisation from the plankton (Underwood & Fairweather 1989) . Thus, because of the smaller reproductive output of S. denticulata on seawalls, replenishment of their populations in this habitat with new recruits may depend on the existence of populations elsewhere, i.e. on natural rocky shores. An ongoing reduction of rocky shores in urban areas could, therefore, have negative effects on the survival of local populations unless larvae are supplied from other geographic areas. Long-distance dispersal of long-lived planktonic larvae is common in the sea (Thorson 1950 , Scheltema 1988 . Creese (1980) suggested that, according to spawning and recruitment periods, larvae of S. denticulata could have a maximal planktonic life of around 10 wk (Creese 1980) , which could be enough to allow larval interchange among populations. On the other hand, topography and oceanographic features such as coastal currents and eddies alter larval dispersal (Eckman 1996 , Cowen et al. 2000 . In the case of bays and estuaries, differences in physical properties among water masses may limit water interchange with the open sea and enhance larval retention close to source populations (Kingsford & Suthers 1994 ). This will influence the extent to which local recruitment will depend on local larval production (Kinlan et al. 2005 ) and the survival of such populations.
Other factors that are not dependent on the size of egg masses and the number of produced larvae, such as survival during planktonic life and settlement, may also influence maintenance of populations of intertidal organisms (Eckman 1996) . Hypothetically, populations on seawalls producing less larvae per capita than those on natural habitats may still produce numbers sufficient to assure a supply of new recruits to replenish existing populations. Alternatively, larvae from eggs on seawalls may, for whatever reason, be in better physiological condition and, thus, perform better than larvae from populations on rocky shores. These issues were, however, not within the scope of this paper and were not investigated here. Nevertheless, our results strongly suggest a potential problem in the sustainability of populations living on seawalls, which highlights the importance of further research for understanding the ecological processes on seawalls, in particular, and in artificial habitats, in general.
CONCLUSION
Although previous studies have shown that seawalls can provide habitat for populations of some intertidal organisms that are naturally found on rocky reefs (Chapman 2003 , Chapman & Bulleri 2003 suggest that merely recording the presence of organisms or their densities is not enough to assess the value of artificial intertidal structures as surrogate habitats. It is therefore necessary to investigate whether populations of organisms on these artificial habitats can maintain themselves. As proliferation of artificial structures will undoubtedly increase in urban coastal areas, this information will enhance our ability to design artificial structures in order to ameliorate the impact of their construction on natural assemblages and to maintain similar levels of biodiversity as found in natural habitats (Connell 2000 , Chapman 2003 .
